LEDs and doped polymer light guides for efficient illumination and colour engineering by Deller, Christine Anne
LEDs and Doped Polymer Light Guides for 




B.Sc(Hons). (University of Technology) 2001









I certify that the work in this thesis has not previously been submitted for a degree, nor has it
been submitted as part of requirements for a degree except as fully acknowledged within the
text.
I also certify that the thesis has been written by me. Any help that I have received in my
research work and in the preparation of the thesis itself has been acknowledged. In addition,






Professor Geoff Smith was my supervisor throughout the duration of this project. He sug-
gested the basic concepts of this research work, and imparted some theoretical knowledge.
He suggested the importance of investigating the variation of refractive index with wave-
length in TRIMM systems. He also provided editing assistance and suggestions during the
writing of this thesis.
Jim Franklin derived the theory of deviation of a TRIMM sphere, and assisted with the basic
concepts of spherical trigonometry and probability functions. He also suggested the method
for measuring TRIMM concentration in matrix materials, and the method for measuring
‘luminous flux half angle’ of the LEDs. 
All of the experimental and simulated results presented in this thesis are my own work.
I developed all computer programs, using Mathematica®software. This was no small feat
since I had previously received very little relevant training, having attempted only short, rudi-
mentary programming exercises. I therefore do not claim that the coding style is the most ele-
gant that has ever been written. 
Tony Hoggard provided the use of his (higher speed) PCs and printers for running of some
computer simulations. The staff of the Applied Physics Department at UTS were always sup-
portive and helpful. My children Simone, Stacey, Bethany and Brendan, and husband Rick
gave me leave of absence, especially to attend an overseas conference.
My husband Richard Pope gave me much emotional and practical support, and kept encour-
aging me to “get that PhD finished”.
My mother gave invaluable support, especially during my undergraduate degree when the
children were younger and I was a sole parent. She lived to attend my Honours graduation
ceremony, and to see me hooked up with a nice bloke. She did not live to see me married on
25th January 2004, or to see me complete my PhD. Fay Hoggard passed away on 3rd April
2003. I miss you Mum.
iii
Preface
Parts of this Thesis have appeared in the following articles, published in Journals and Con-
ference Proceedings:
C. A. Deller, G. B. Smith, J. Franklin, “Colour mixing LEDs with short microsphere doped
acrylic rods”, Optics Express, 12 (15), 3327-3333, 2004.
J. C. Jonsson, G. B. Smith, C. Deller, A. Roos, “Directional and angle-resolved optical
scattering of high-performance translucent polymer sheets for energy efficient lighting and
skylights”, Applied Optics 44 (14), 2745-2754, 2005.
C. A. Deller, G. B. Smith, J. B. Franklin, “Uniform white light distribution with low loss from
coloured LEDs using polymer doped polymer mixing rods”, in Proceedings of SPIE Vol.
5530: Fourth International Conference on Solid State Lighting, 231-240, 2004
C A Deller, J B Franklin, G B Smith, “Monte Carlo ray tracing in particle-doped light
guides”, accepted for publication in Journal of Lighting Research and Technology.
C. A. Deller, J. Franklin, “Optimising the length of doped polymer light mixers”, in
Proceedings of the Australian Institute of Physics 16th Biennial congress, 84-87, 2005. 
C. Deller, G. B. Smith, J. Franklin, E. Joseph, “The integration of forward light transport and
lateral illumination of polymer optical fibre”, in Proceedings of the Australian Institute of
Physics 15th Biennial congress, Vol 5192, 307-309, Causal Productions, Sydney, 2002.
iv
Table of Contents
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
Glossary of Symbols and Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Figures and Tables  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xviii
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1
CHAPTER 1 Technology Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5
1.1 Light guides for illumination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.1 Daylighting  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.1.2 Large core polymer optical fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.1.3 Applications of POF  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.1.4 PMMA light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2 Light source colour and efficiency  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.1 Correlated Colour Temperature (CCT) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.2 Colour Rendering Index (CRI)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.3 Luminous efficacy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.1 Advantages and applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.2 Light extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3.3 Disadvantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.4 Phosphor white LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 White by RGB; uniform illuminance and colour mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.1 Mixing rods and uniform illuminance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.2 White light by combining RGB sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.3 RGB LED applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.5 Lamps and reflectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.5.1 Lamp reflectors and coupling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6 Source coupling into light guides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6.1 Lamps  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.6.2 POF illuminators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.6.3 Coupling LEDs into light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.7 Side-scattering light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.7.1 POF side-scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.7.2 Backlighting. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
CHAPTER 2 Background Theory  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21
2.1 Single particle scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.1.1 Rayleigh scattering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.1.2 Rayleigh-Gans scattering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.1.3 Very large spheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1.4 Spheres with relative refractive index close to 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Single particle scattering: TRIMM spheres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.1 Fresnel reflection from a TRIMM sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2.2 Ray deviation by a TRIMM sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
v
2.2.3 Deviation formula and the geometric limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.4 Effect of varying µ on distribution of deviation angles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.5 Derivation of the probability density distribution of the deviation . . . . . . . . . . . . . . . . . . . . . 30
2.2.6 Mean ray deviation by a single sphere  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.3 Multiple TRIMM spheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3.1 Angular spread of light after multiple interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
CHAPTER 3 TRIMM micro-spheres and matrix materials: measurements. . . . . . . . . . .37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1.1 TRIMM systems studied . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Imaging spheres and determination of particle size  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.1 TRIMM dispersed in matrix material  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.2 Solitary TRIMM particles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.3 Particle size distribution of TRIMM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3 Experimental measurement of refractive index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.1 Conventional methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.2 Immersion method of refractive index measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.3 Abbe refractometer for measuring refractive index of liquids  . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.4 Abbe refractometer and the immersion method: experimental procedure  . . . . . . . . . . . . . . . 44
3.3.5 Uncertainties of measurement: immersion method and Abbe refractometer  . . . . . . . . . . . . . 46
3.4 Refractive index variation with wavelength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.1 Ellipsometer measurements of TRIMM rods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.4.2 Variation of µ with wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.5 TRIMM particle concentration in a light guide matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5.1 Determination of linear TRIMM particle concentration in matrix material . . . . . . . . . . . . . . 52
3.5.2 Mass fraction calculations and TRIMM concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
CHAPTER 4 Monte Carlo ray tracing in particle-doped light guides . . . . . . . . . . . . . . . .58
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Ray tracing with added scatterers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1 Ray propagation geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.2 Defining new ray direction: spherical trigonometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3 Ray tracing in cylindrical guides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.1 Previous methods: undoped light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Particle-doped cylindrical light guides: wall intercept  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.3 Particle-doped cylindrical light guides: wall reflection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
CHAPTER 5  LEDs: Measurements and source modelling for ray tracing simulations  .68
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.1 Modelling of LED sources. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.1.2 Current standards and measurement problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.2 Experimental measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2.1 Luminous flux half angle measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2.2 Luminous flux half angle results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.2.3 Photogoniometer measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2.4 Photogoniometer Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.3 LED source models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.3.1 Empirical LED source model  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
vi
5.3.2 Cumulative probability density distributions for LED sources in Monte Carlo modelling  . . 77
5.3.3 Empirical cumulative probability density function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3.4 Individual LED measurement-based cumulative functions. . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
CHAPTER 6 Colour mixing LEDs with TRIMM-doped PMMA rods. . . . . . . . . . . . . . . .81
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.2 Colour space  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3 Experiment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3.1 TRIMM-doped PMMA rods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.3.2 PMMA rod with TRIMM diffuser sheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.4 Computer modelling simulations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4.1 Source models: Trimm-doped PMMA rods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4.2 Source models: PMMA rod with TRIMM diffuser sheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.4.3 Modelling method for projected combined RGB light output  . . . . . . . . . . . . . . . . . . . . . . . . 87
6.5 Colour mixing calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.6.1 TRIMM-doped PMMA rods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
6.6.2 PMMA rod with TRIMM diffuser sheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.7 Discussion: colour mixing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
CHAPTER 7 Variables affecting uniform colour mixing. . . . . . . . . . . . . . . . . . . . . . . . . . .98
7.1 Effect of varying µ with wavelength on colour mixing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
7.2 Colour mixing modelling: smoothed vs measured LED profiles . . . . . . . . . . . . . . . . . . . . . . . . 100
7.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
7.2.2 Colour mixing of LEDs: comparison of empirical and measurement-based source
distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
7.3 Geometrical effects: source distribution and size, and rod aspect ratio  . . . . . . . . . . . . . . . . . . . 103
7.3.1 Angle of incidence and rod aspect ratio  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.3.2 LED model: geometrical effects from aspect ratio, and source size effects . . . . . . . . . . . . . 104
7.3.3 Effect of modelled source size on colour maps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
7.4 Rotational symmetry and statistical analysis of end-light distribution . . . . . . . . . . . . . . . . . . . . 107
7.4.1 Rotational symmetry results for PMMA rod + diffuser sheet . . . . . . . . . . . . . . . . . . . . . . . . 108
7.5 Comparison: square and round mixers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.5.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.6 LED array  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.6.1 Configuration of source LED array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.6.2 Ray tracing simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
CHAPTER 8  Fresnel losses, wall transmittance and side-light distributions . . . . . . . . .119
8.1 Fresnel reflectance and ray propagation in light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.1.1 Fresnel reflection curves for the PMMA/air boundary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
8.2 Modelling: Fresnel reflectance vs Fresnel neglected  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
8.2.1 Effect of TRIMM concentration on wall and end losses. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
8.2.2 Effect of angle-of-incidence variation on wall and end losses  . . . . . . . . . . . . . . . . . . . . . . . 123
8.3 Effect of varying µ on wall and end loss. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
8.3.1 µ and TRIMM concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
8.3.2 Wall transmittance of PMMA rod: constant µ vs varied µ . . . . . . . . . . . . . . . . . . . . . . . . . . 126
vii
8.4 TRIMM losses, measured and modelled, for rod + diffuser sheet  . . . . . . . . . . . . . . . . . . . . . . . 126
8.4.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
8.5 TRIMM-doped rods: side-emitting ray modelling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
8.5.1 Simulation results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.6 Other TRIMM system losses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
8.6.1 Square vs circular cross-section  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
8.6.2 LED array  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
CHAPTER 9 Flexible polymer optical fibre  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
9.1.1 Applications of flexible polymer light guides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
9.2 Research aims: initial investigation of POF  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
9.3 Illuminator and filter characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
9.3.1 Spectral response of filters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
9.3.2 Light distribution exiting illuminator manifold. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
9.4 Side-scattered integrated luminance with propagation distance . . . . . . . . . . . . . . . . . . . . . . . . . 140
9.4.1 Falloff of side-scattered light with propagation distance  . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
9.4.2 Relationship of falloff with TRIMM concentration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
9.4.3 Colour variation with propagation distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
9.4.4 Effect of fibre bending on side-light variation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
9.4.5 Diameter variation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
9.4.6 Photometer measurements and addition of end reflector  . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
9.5 Photogoniometer illuminance measurements of side-light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
9.5.1 Side-light scattered in the general propagation direction (‘forward scattering’). . . . . . . . . . 149
9.5.2 Side-light scattered perpendicular to the general propagation direction . . . . . . . . . . . . . . . . 151
9.6 Internal light distribution model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
CHAPTER 10  Further Work and Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .154
10.1 Applications of TRIMM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
10.1.1 Mixing rods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
10.1.2 Step safety lights . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
10.1.3 Refrigerators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
10.1.4 Recently patented RGB mixer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
10.1.5 Spectrally tunable solid state calibration source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
10.1.6 Commercial interest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
10.2 Further improvements in efficiency  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
10.3 Optimising colour and efficacy of RGB LEDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
10.4 µ vs λ dependence and side-scattering POF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
10.5 Computer Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
10.6 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Bibliography  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .159
Appendix  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .172
Appendix 1 Principles of the Abbe Refractometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Appendix 2 Cosine Rule for sides. (a) spherical triangles (b) planar triangles . . . . . . . . . . . . . . . . . 174
Appendix 3 Cumulative probability density functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
Appendix 3.1 Functions for cumulative probability curve for empirical LED fit . . . . . . . . . . . . . 174
Appendix 3.2 Functions for cumulative probability curve based on LED measurements . . . . . . . 174
Appendix 4 Simplified ray tracing flow chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Appendix 5 Computer Program. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
viii
Glossary of Symbols and Acronyms
(X, Y, Z) direction cosines of a ray
(x0 , y0 , z0 ) Cartesian coordinates of the starting point of a ray, or the starting point for
propagation in a new ray direction
(x1 , y1 , z1) next interaction point of a ray (particle or guide wall) 
(Xi , Yi , Zi ) CIE tristimulus values
(xi , yi , zi ) CIE colour coordinates for a pixel of the output light distribution
(xLED , yLED , zLED )
CIE colour coordinates for a LED
a axial particle number (the number of particles intercepted by a straight line
drawn through a TRIMM-doped light guide, parallel to the optic axis)
CCD charge coupled device
CCT colour correlated temperature
CIE Commission Internationale de L'Eclairage
CRI colour rendering index
EPA 1-ethoxy-2-propyl acetate
ESEM environmental scanning electron microscope
F exponential decrease of side-scattered output light with distance along a
TRIMM-doped light guide
f(δ) the probability density distribution of the deviation δ(h)
h impact ratio, h = H/r. h is independent of sphere radius.
H perpendicular separation distance (of a ray impacting a sphere) from the par-
allel ray passing through a sphere's centre (H = r-λ at the geometric limit)
ix
HID high intensity discharge (lamp)
i projection of l’ onto the x-y plane 
I light intensity (or in some cases, luminance)
IR infra-red
l propagation length of a ray between two particular particles 
L Length of a light guide (generally in cm)
LCD liquid crystal display
LED light-emitting diode
l’ length from a particle to the light guide wall, if the wall is intercepted before
the following particle is reached
m relative refractive index (usually the ratio of particle refractive index to that of
the matrix in which the particles are dispersed) 
mf mass fraction (of spheres in a matrix)
MMA methylmethacrylate (monomer)
NA numerical aperture (of a light guide)
ni refractive index of component i, such as TRIMM sphere or light guide matrix
p average path length travelled by a ray between particle interactions
P(h) the integrated probability density distribution (for unit TRIMM sphere radius)
P(θ) cumulative probability density function (for empirical LED source models)
PMMA polymethylmethacrylate
POF (flexible) polymer optical fibre 
r radial distance of (x0 , y0 , z0) from the z-axis in the x-y plane (ray tracing con-
text)
r particle radius (e.g. of a TRIMM sphere)
R radius of a cylindrical light guide 
R Fresnel reflectance
x
RGB red, green, blue
RI refractive index 
S(λ) spectral power distribution (of a LED)
SPD spectral power distribution
SRF source radial fraction (position of a LED at the entrance end of a mixing rod,
relative to the optical axis the rod)
T transmittance
TIR total internal reflection
TRIMM transparent refractive index matched micro-particles
UTS University of Technology Sydney
UV ultraviolet
Vf volume fraction (of particles in a matrix)
mean half-cone angular spread of light in the cross-sectional plane of a light
guide
α reflection angle of a ray from the light guide wall in the x-y plane (ray tracing
context)
α linear particle density (number of particles per metre intercepted by a straight
line drawn through a TRIMM-doped light guide, parallel to the optic axis)
χ 'glancing angle' between a ray and the wall of a cylindrical light guide 
χn angle between a ray and the normal to the light guide wall 
δ semi-cone angular component of a ray's deviation, relative to the previous
direction of the ray 
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Abstract
This project involves the study of optical properties of polymers doped with TRIMM
(transparent refractive index matched micro-particles), and their uses in light guides. The
refractive index difference between dopant and host material is small (<0.02), so forward
transmittance is high, and losses due to backscattering are negligible. Flexible polymer
optical fibre (POF) and polymethylmethacrylate (PMMA) rods are being incorporated
into an increasing range of lighting and light mixing applications. For energy efficient
mixing of red, green and blue (RGB) light-emitting diodes (LEDs) to produce white light
and a range of other colours, light is transmitted from the end of a light guide (“end-
light”). A major problem here is solved, namely the achievement of uniform illumination,
simultaneously with low losses from scattering. Light output from RGB LEDs is shown
to be completely mixed by short TRIMM-doped light guides. Alternatively, long lengths
of TRIMM-doped POF can be used for “side-light”. The concentration of TRIMM for
these is chosen such that light is emitted from the side walls of the guide to give even illu-
mination along its length. 
A geometrical method of ray tracing in particle-doped rectangular and cylindrical light
guides is derived, and Monte Carlo ray tracing simulations performed for undoped and
TRIMM-doped light guides. The evolution of the distribution of ray angles, internal and
external to a light guide, with propagation distance are studied. Computer simulations of
angular distribution of light emitted from the wall of POF agree with measurements per-
formed using a photogoniometer. 
Simulations and measurements of light output intensity and colour from RGB LED arrays
when projected from the end of a mixing rod, are also presented. Colour calculations
agree with photometric measurements of RGB LED output from clear and TRIMM-
doped PMMA mixing rods. Results of transmittance measurements and computer simu-
lations show that light losses are almost entirely due to Fresnel reflectance from the
entrance and exit surfaces of the rods. 
Photogoniometer measurements of the angular distribution of light from LEDs are used
as a basis for LED source models used in ray tracing simulations. Results of an investiga-
xix
tion comparing the effect of using a smoothed LED source model instead of measure-
ment-based models on simulated light output distributions are presented. The light output
from LEDs can have sudden peaks in intensity at certain angles, resulting in distinctive
patterns with clear colour separation, after mixing in clear polymer mixing rods. These
caustic patterns are eliminated by using TRIMM-doped mixing rods, with a transmittance
of ~90% after Fresnel losses, which can be readily reduced.
